Basal forebrain nuclei send projections, including cholinergic fibers, to forebrain cortical targets. These systems have been associated with several important functions, but their physiological actions are poorly understood.
We have studied the neurophysiological characteristics of one of these systems, the projection from the nucleus of the horizontal limb of the diagonal band (HDB) to the main olfactory bulb (MOB) in the rat.
Single shocks to HDB produce modest field potentials in MOB with no detectable effect on the discharge characteristics of the principal output neurons of the MOB, the mitral cells. By contrast, continuous stimulation at 10 Hz for several seconds causes dramatic changes in the HDB field potential and mitral cell firing. During this period of stimulation, there is an initial facilitation of the field potential followed by a period of moderately reduced response amplitude that lasts a few seconds. This brief period of depression is succeeded by a sudden and marked potentiation of response amplitude and duration. This potentiated response can be maintained indefinitely by stimulation at lower frequencies than those required to initiate the potentiation effect. Coincident with the onset of the potentiated response, the spontaneous activity of the mitral cells is completely inhibited. Both the potentiation and mitral cell inhibition can be maintained indefinitely by continued stimulation at frequencies as low as 5 Hz.
These observations demonstrate that magnocellular basal forebrain neurons exert powerful regulatory actions on specific neuronal populations in cortical targets.
At the time of their definition by Shute and Lewis (1967) , the basal forebrain cholinergic neuronal systems were of relatively minor note to neurobiologists. Two recent lines of research have led to increased interest in these systems. In 1975, Kievit and Kuypers showed that some basal forebrain and hypothalamic cell groups project directly to the neocortex. Next, Mesulam and Van Hoesen (1976) demonstrated that many of the basal forebrain neurons which project to cortex contain AChE. Subse-quent studies using antibodies directed against choline acetyltransferase (ChAT) established that many of these cortical projecting basal forebrain neurons are cholinergic (Johnston et al., 1979; Mesulam et al., 1983a, b) . It was also established that septal cholinergic neurons innervated the hippocampus ( Mesulam et al., 1983a, b) . The demonstration of choline& projections from nucleus basalis to neocortex was followed shortly by the discovery that these cholinergic neurons showed signs of selective degeneration or shrinkage in victims of Alzheimer's disease (Whitehouse et al., 198 1, 1982; Coyle et al., 1983) . These findings kindled great interest in the basal forebrain magnocellular systems. It was initially supposed that the projection neurons in these nuclei were exclusively, or predominantly, cholinergic. Recent work, however, has demonstrated that many of the neurons which project to cortex do not express ChAT (Rye et al., 1984; Melander et al., 1985; Wainer et al., 1985) . Many of the noncholinergic neurons contain GABA Zaborszky et al., 1986) . Thus, the anatomical and neurochemical organization of these systems is more complex than originally thought.
The functional analysis of basal forebrain systems has lagged behind our understanding of their connections and chemoanatomy. This may be due, in part, to the anatomical complexity and cellular heterogeneity of the neocortex and hippocampus, the 2 major cortical targets of basal forebrain projections. In the present experiments we have studied some functional characteristics of basal forebrain inputs to a relatively simple cortical target, the olfactory bulb.
The basal forebrain projection to the olfactory bulb arises in the nucleus of the horizontal limb of the diagonal band (HDB). HDB is related anatomically, phylogenetically, and neurochemically to the magnocellular basal forebrain populations that innervate the neocortex and hippocampus (Price and Powell, 1970; Dennis and Keer, 1976; De Olmos et al., 1978; Macrides et al., 198 1; Shipley and Adamek, 1984; Brashear et al., 1986; Zaborszky et al., 1986) . Magnocellular neurons in HDB project to the olfactory bulb and secondary olfactory structures in all mammalian species examined. Compared with the neocortex and hippocampus, the anatomy (Macrides and Davis, 1983) and physiology (Shepherd, 1972) of the olfactory bulb are relatively simple and better understood. This greatly facilitates the interpretation of laminar field potential and single-unit response data.
Here, we report the effects of stimulating the nucleus of the diagonal band on synaptic field potentials and mitral cell discharge rates in the main olfactory bulb (MOB). The experiments show that single shocks to the HDB produce modest field po-tentials in the MOB but have little effect on ongoing mitral cell activity. However, brief epochs of maintained stimulation at physiologically relevant frequencies produce profound changes in the function of the MOB.
Materials and Methods
Male Sprague-Dawley rats, 250-400 gm, were anesthetized with chloral hydrate (400 mg/kg supplemented as needed) or chloralose-urethane (30 mg/kg chloralose, 1.5 gm/kg urethane). Essentially similar results were obtained with both anesthetics. Data reported here are based on experiments conducted in more than 100 animals. The experimental set-un is illustrated schematically in Fiaure 1. Anesthetized animals were placed in a stereotaxic apparatus and the lateral aspect of the olfactory bulb and the lateral olfactory tract (LOT) were exposed by craniotomy after removing the contents of the orbit. A concentric bipolar stimulating electrode (0.25 mm outer diameter, 0.75 mm tip separation; Rhodes Medical Instruments, Woodland Hills, CA) was guided stereotaxically into the nucleus of the HDB through a burr hole in the parietal bone. Stimulating currents were delivered by a constant-current stimulus isolation unit. At the termination of each experiment, sufficient current was passed through this electrode to produce a lesion at the stimulation site; the location of the lesion was later determined in histological sections (Fig. 2) .
Fibers from locus coeruleus and raphe nuclei traverse the region of the diagonal band; however, tract tracing studies suggest that most fibers from these brain-stem nuclei do not pass through the main body of HDB McLean and Shipley, 1987) ; moreover, these fibers should have significantly higher activation thresholds than the large cell bodies in HDB. Stimulation currents were kept as low as possible to reduce the possibility of activating these axons; nevertheless, the possibility of some contribution from raphe or locus coeruleus fibers cannot be entirely excluded. The findings described here were obtained only when the stimulating electrode was centered in the HDB.
Glass capillary pipettes broken to approximately 5 pm tip diameter and filled with 1 M NaCl were used for recording both field potentials and single units. In many experiments, 2 recording electrodes were used. One electrode was placed in the superficial part of the granule cell layer (gel) and used to monitor changes in the amplitude of the field potential evoked by stimulation of the diagonal band, the second electrode was attached to a stepping-motor manipulator and used to record field and unit potentials at various depths in MOB. DC preamplification was used in all experiments. The amplified signal was usually bandpassfiltered between 0.1 Hz and 7.0 kHz, although in some cases DC coupling was used. For analysis of field potential response changes during long trains of HDB shocks, successive responses were digitized and stored in computer memory for later display and reproduction. Other responses were captured using a digital oscilloscope (Nicolet 4094), which allowed a sweep of several seconds to be stored, recalled, and analyzed. For analysis of single-unit responses, the signal was filtered to enhance spikes and processed through a window discriminator to derive an output suitable for computer processing. Poststimulus time histogram (PSTH) and firing rate (ratemeter) displays were constructed by computer (Motorola VME/lO) and recorded for later analysis using programs developed in this laboratory.
A side-by-side bipolar stimulating electrode was placed against the LOT under visual guidance. Currents applied through this electrode were used for antidromic activation ofthe mitral cell axons, the principal output neurons of the olfactory bulb. Activation of LOT produces a characteristic potential that undergoes a change of polarity at the mitral cell body layer (Phillips et al., 1963) ; this transition is a precise indicator of electrode depth in the bulb. The depth of the recording electrode relative to the mitral cell body layer was determined during experiments by observation of the shape of the LOT-evoked potentials and by the presence of unit potentials at the mcl. In a few experiments, the electrode position was directly verified by iontophoretic deposits of HRP placed in the vicinity of the reversal point.
Results
Olfactory bulb responses to single shocks to HDB Routinely, one recording electrode was advanced into the gel of the main olfactory bulb before insertion of the stimulating electrode into HDB. This allowed optimal placement of the stimulation electrodes to be monitored by observation of the evoked field potential responses as a concentric bipolar stimulating electrode was lowered stereotaxically from the dorsal surface of the brain. In most penetrations, the path of the stimulating electrode intersected the posterior wing of the ispilateral anterior commissure (AC). Stimulation of this commissure resulted in a negative deflection recorded in gel. With further advancement of the stimulating electrode, this response declined in amplitude and disappeared. When the stimulating electrode was advanced further, into the HDB, stimulation resulted in a characteristic biphasic potential in gel, the HDB field potential.
In the gel, the HDB potential (Fig. 3 , bottom record, right column) consists of an initial positive-going phase (upward arrow in Fig. 3 ) followed by a slower negative-going wave (downward arrow in Fig. 3 ). The amplitude of the positive deflection (P+) varied greatly between preparations, and in some cases was absent. The latency of (P+) was always short (4 msec to the initial deflection, 6 msec to the positive peak); this latency is consistent with the delay expected from axonal conduction over approximately 10-12 mm followed by a single synaptic delay. The negative deflection (P-), by contrast, is a much slower event, with the peak negativity at about 25 msec latency. The exact beginning of P-was usually obscured by P+ but always appeared to occur well after the beginning of P+. In preparations in which P+ was small or absent the initial negative deflection never occurred less than 8 msec after the stimulus.
A response of similar time course but lower amplitude and opposite polarity is recorded superficial to the mitral cell layer (mcl). The reversal point for the response was approximately at the level of the mcl. This situation is reminiscent of the response to LOT stimulation (antidromic stimulation of mitral cells) (Phillips et al., 1963) , and Figure 3 Potentiation of the HDB response amplitude by [8] [9] [10] Hz stimulation of HDB
We were unable to demonstrate significant effects of single shocks to HDB on the firing rate of neurons isolated in the MOB. Presumably, the synaptic currents produced by single shocks to HDB are not large enough to cause large changes in activity. However, the HDB field potential is markedly potentiated by several seconds of HDB stimulation at 8-10 HZ. This potentiation of the HDB field potential appears to be accompanied by profound changes in functiop of MOB circuitry. It is quite probable that the HDB neurons may fire at this relatively low rate in the awake animal (see Discussion); hence, the behavior of the bulb after HDB potentiation probably represents a normal functional mode of the basal forebrain projection to the MOB. For this reason it was worthwhile to study the characteristics of this potentiation in some detail.
The effect of HDB potentiation on the HDB field potential is illustrated in Figure 4 , in which the HDB response before and 1 set after a 10 set period of 10 Hz stimulation of the HDB are superimposed. For this, and subsequent, field potential records, the recording electrode was in the gel unless otherwise noted. By comparison with the first response, the negative phase of the potentiated response (P-) is markedly increased in both amplitude and duration, while the initial positive phase (P+) is Figure   3 . Comparison of HDB and LOT potentials as a function of recording electrode depth. The right column represents the results of HDB stimulation; the left, LOT stimulation. Beginning about 300 pm below the surface of MOB, the recording electrode was advanced 50 pm before each pair of sweeps. The mitral cell body layer (mcl) is located at the point where the LOT potential changes polarity (heavy arrow). As with the LOT potential, the HDB potential changes sign at the mcl. Note the difference in the sweep rate between the 2 records. Abbreviations: GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; ZPL, internal plexiform layer; GCL, granule cell layer.
little changed. For convenience, we will sometimes refer to the potentiated negative deflection as the "potentiation wave." In the record presented, the amplitude of P-is increased about 3.3 times, and the duration is markedly prolonged. Thus, the period of 10 Hz HDB stimulation caused pronounced changes in the olfactory bulb that persisted for more than 1 set after the termination of the HDB stimulation.
Development of potentiation of the HDB field potential During the potentiating stimulation, the field potential in the olfactory bulb typically undergoes a stereotyped series of changes. This is illustrated in Figure 5A , in which every fourth response of a train of 160 stimuli at 9 Hz was digitized and displayed. In this sequence there is an initial period of facilitation that is completely developed by the fourth response (second displayed sweep). In most cases, this initial period of facilitation lasts approximately 5 set and results in a significant increase in amplitude, with no change in shape of the response. After about 60 stimuli (6.6 set), the negative phase ofthe response decreases significantly in amplitude and remains relatively depressed for about 50 more stimuli (5.5 set). During this period of inhibition the time course of the response is also markedly prolonged.
After about 124 shocks (13.6 set), in this case, the negative phase of the response, quite suddenly, undergoes an increase in amplitude and a change in shape (arrow, Fig. 5A ). In Figure 5B the amplitudes of the negative waves shown in Figure 5A are plotted against time from the beginning of stimulation. The magnitude of the amplitude increase is variable between preparations; sometimes, the response does not grow beyond the amplitude of the initial facilitated response, but typically the response undergoes a 2-fold or greater increase in amplitude over the initial facilitation. The constant features are the changes in shape of the response and the DC shifts that occur at this point.
DC shifts during HDB potentiation During the course of the potentiating stimulation, there are also shifts in DC level that correspond to the changes in shape of the response described above. This is illustrated in Figure 6 , which is an oscilloscope trace taken at slow sweep speed during HDB stimulation at 8.3 Hz (different preparation than Fig. 5 ). The record was acquired using a digital oscilloscope so that it was possible to expand the sweep and examine the waveform of individual responses at critical points during the potentiation. The beginning of the slow negative DC shift (a) corresponds to the broadening and relative inhibition of the negative deflection seen in Figure 5 at about 5 set stimulation. The point at which the slow negative deflection stops and the width of the trace increases (b) corresponds to the sudden onset of potentiation of Figure 5A .
A single test shock to HDB given 1 set after the termination of the potentiating train is shown at c in Figure 6 . The amplitude of this deflection is substantially larger than either the control response or the potentiated responses during the stimulating train. The response amplitude, however, reaches about the same DC level as the potentiated responses recorded during 10 Hz stimulation. The deflections on either side of the HDB shock are spontaneously occurring waves, which are described in more detail later.
Duration of the potentiated state Maximum amplitude of the potentiation wave occurred when the HDB test stimulus was given about 1 set after termination of the potentiating shocks. By 3 set after termination of the potentiating stimulation, the potentiation had decayed, and the HDB response was back to control amplitude. The time course of decay of potentiation was further defined by measuring the amplitudes of the response (maximum negative deflection) to single test shocks delivered at different times after termination of the potentiating train. Before each test pulse, the preparation was stimulated with an identical train of 160 shocks to HDB. Ten minutes rest was allowed between each potentiation trial.
The result of a typical experiment is presented in Figure 7 , in which the amplitude of the negative deflection (P-) is plotted against time from termination of the potentiating train. The response amplitude increases for the first 500 msec, remains constant another 500 msec, and then decays to half-amplitude by about 2 set after termination of the potentiating train; the Characteristics of the potentiated state Figure 8A shows the response to trains of HDB shocks given at 300 msec intervals before (top trace) and after (bottom trace) HDB potentiation. Before potentiation, the approximately 3 Hz stimulation results in a small field potential, which does not change with continued stimulation. The lower trace in Figure  8A shows the response to an identical series of HDB shocks beginning 1 set after termination of a potentiating train to HDB. After HDB potentiation, the negative deflections (P-) are strongly potentiated (5-6 times control values; Fig. 8 , A and Sii). After the first response (Fig. 8A) , there are additional spontaneous deflections. Although the spontaneous deflections are not repeated, the amplitude of the potentiated responses is maintained without decrement during the period of stimulation (the last response is 2200 msec after termination of the HDB potentiating train). Thus, 3 Hz stimulation extended the duration of potentiation beyond that measured by single test shocks. Figure 8B shows the response to a train of shocks given at 1 set intervals before (top trace) and after (bottom trace) HDB potentiation. The record also shows the responses to the final 5 shocks of the potentiating train. Several aspects of the HDB potentiation are demonstrated in this record. As shown in Figures 6 , 84 the HDB test responses are substantially larger than those occurring during the potentiating train although both test and potentiating responses reach approximately the same DC level (Fig. 8Bi) . The first driven response (1 set after the potentiating train) is preceded and followed by spontaneously occurring waves of similar amplitude and time course. The responses to 1 Hz HDB test shocks are unchanged for the first 5 test shocks and then fall to about half-amplitude at the 8th test shock. Thus, even with test shocks given to HDB at 1 set intervals the potentiated state lasts substantially longer than when the duration of potentiation is tested with single shocks (Fig. 7) . As with the onset of potentiation, the decay, once begun, is quite rapid.
The HDB stimulation frequency required to produce potentiation in a particular preparation ranged between 8 and 12 Hz. The lowest frequency found to produce potentiation was 6 Hz.
After potentiation was induced, however, lower frequencies would maintain it. In most preparations, repeated stimulation at 5 Hz after potentiation was achieved would maintain the potentiated state indefinitely.
Very similar results were obtained with either of the anesthetics (chloral hydrate and chloralose-urethane) used. Quantitative parameters, such as the number of stimulation shocks required to generate potentiation and the duration of the potentiated state, appeared to vary with the level of anesthetic and between preparations. However, the qualitative features of the phenomenon were entirely reproducible.
Efect of HDB stimulation on the activity of output neurons
The potentiation wave may involve the direct or indirect synaptic excitation of granule cells. It is important to confirm this directly by single-unit recordings; however, granule cells do not appear to be spontaneously active under the anesthetic conditions used in the present experiments. We were unable to find spontaneously active units when the recording electrode was in gel. The mitral cells, however, are intimately linked to the granule cells through reciprocal dendrodendritic synapses in the ex- ternal plexiform layer (epl) (Rall and Shepherd, 1968; Mori and Takagi, 1978b) . Thus, the behavior of mitral cells can be used as an indicator of granule cell activation. The mcl was identified by the turnover of the LOT potential, and by the presence of a background of activity heard through the acoustic monitor as the layer was approached. When the recording electrode was in this region, clearly defined units could be isolated easily (Fig. 9A) . These waveforms were usually stable for extended periods. In some experiments, recordings were made using electrodes filled with 1% HRP in 0.9% NaCI. Deposits of HRP were made iontophoretically, and their location was histologically verified after reaction with diaminobenzidine (DAB). In all cases the locations of the reaction deposits corresponded to the expected location of the recording electrode.
Deep to the mcl there are several classes of interneuron (Schneider and Macrides, 1978) . Except for the granule cells, which are not spontaneously active (Nakashima et al., 1978; Mori and Takagi, 1978a) , these intemeurons are not numerous. Thus, it is improbable that we recorded consistently and selectively from any of the intemeurons below mcl. The cell bodies of internal tufted cells lie close to mcl, and an electrode lying near the superficial surface of mcl might record from one of these neurons. With our preparation, it would not be possible to distinguish internal tufted from mitral cells, since the former cells send axons out the LOT (Scott, 198 1; Kishi et al., 1984) .
In the rat, however, internal tufted cells appear to be rare (Scott, 198 1; Orono et al., 1984) . All units in the vicinity of mcl which could be effectively isolated behaved in a similar manner to HDB stimulation; thus, it is likely that the extracellular unit We were unable to demonstrate any effect of single shocks to HDB on presumed mitral cell firing rate: PSTH records of mitral cell firing following single shocks to HDB did not reveal any pattern of excitation or inhibition following the HDB shock. By contrast, during potentiation of the HDB field potential there is a dramatic change in mitral cell spontaneous discharge rate.
The results of a typical experiment are shown in Figure 9 , which is a record of the spontaneous firing of a mitral cell. At the beginning of HDB stimulation (indicated by the horizontal line beneath the record), the firing rate of the cell is minimally affected. After a few seconds of stimulation, however, the cell ceases to discharge. This occurs at the same time as the onset of potentiation of the HDB field potential. The cell remains completely inhibited throughout the period of HDB stimulation. In many cases, as in the present record, there is a rebound of mitral cell firing above the control rate following termination of HDB stimulation. This rebound can last for more than 30 sec. Potentiation of the HDB response always caused inhibition of presumed mitral cell spontaneous firing. In no case were these cells excited by HDB potentiation. The effect of HDB stimulation on odorant-induced mitral cell activity was not investi-gated, nor have we systematically examined the action of HDB on tufted cell firing rates.
Other classes of cells In the gel, spontaneously active units were never found. However, during potentiation it was occasionally possible to find cells in gel that discharged during the P-phase of the HDB potential. To isolate these cells, HDB potentiation was induced by stimulation at 10 Hz. The stimulation frequency was then decreased to 5 Hz or less to maintain potentiation and the recording electrode advanced in 5 pm steps until an action potential was detected. Once isolated, the units exhibited quite stable behavior, firing during the P-phase of the HDB potential (Fig. 10A) . Firing of these units was very closely linked to potentiation; iftest HDB pulses are given after a potentiating series, these inframitral units disappear at the same time as the potentiation. We tentatively interpret these units as granule cells that are driven to produce spikes by the HDB potentiation wave. Granule cells have been previously reported to produce spikes under certain physiological conditions after stimulation of LOT (Nakashima et al., 1978) . Because of the difficulty of isolating these normally silent neurons, we have not yet conducted a thorough study of their physiological characteristics; 6 of these neurons that discharged only during HDB potentiation were isolated in the course of these experiments.
In 2 cases, a second type cell was isolated about 150 pm deep to the turnover of the LOT potential. In the resting preparation these cells fired at low frequency in bursts of about 3 spikes. Following HDB potentiation, the firing of these cells became synchronized with the positive phase of the HDB potential (P+) (Fig. 10B) . These neurons are presumably located in the inner plexiform layer (ipl), which is a region receiving strong input from HDB; it is also the location of a class of interneurons that produce AChE, but not ChAT (Nickel1 and Shipley, 1988) . The relative difficulty of isolating these cells is consistent with the hypothesis that they are members of a relatively small population of interneurons.
Discussion
Stimulation of basal forebrain neurons in the HDB causes several effects in the MOB. Single shocks produce a field potential of modest magnitude that facilitates with short trains of shocks. Using single or short trains of shocks it is difficult to find effects that suggest possible functions of the system. The functional significance of this magnocellular projection becomes more apparent, however, when stimulation is continued for several seconds. Thus, in addition to the initial brief facilitation there are slowly developing changes in bulb synapses that are only revealed by several seconds of stimulation at 8-10 Hz. In the anesthetized animal, a stimulation rate of 8-l 0 Hz is sufficient to initiate these effects; once they are activated, continued stimulation at rates below 5 Hz will maintain them.
Depth profile analysis The relatively simple, laminated, cortical structure of the olfactory bulb and its physiological characterization by previous investigators (Shepherd, 1972) allow reasonable inferences to be made about the location and targets of activated synapses from depth profile analysis of the HDB field potentials. Since the depth profile of the HDB field potential is similar to that of the LOT potential, we will assume that the classical analysis of the LOT potential developed by Rall and Shepherd (1968) can be applied to the HDB potential.
The initial positive peak of the HDB response recorded in gel (P-t) is of interest because stimulation of most centrifugal inputs to the olfactory bulb produces a negative field potential in gel, presumably as a result of excitatory synapses onto granule cells in gel (Nakashima et al., 1978) . As with the positive third phase of the LOT potential, the initial positive HDB peak could result either from an excitatory input onto dendrites in the epl of neurons whose cell bodies are deep to the mcl (i.e., in the ipl or gel) or, alternatively, from an inhibitory input onto granule cells or their dendrites in the gel. Following the analysis of Rall and Shepherd (1968) it is more probable that P+ results from excitatory processes, since inhibitory conductances have equilibrium potentials near the resting potential and for this reason do not usually generate sufficient extracellular current to produce significant field potentials. Thus, the positive HDB peak recorded in gel is interpreted as an excitatory termination of HDB fibers onto dendrites in epl of interneurons whose cell bodies are below the mcl. This is in accord with anatomical observations that fibers from HDB terminate in the epl (Macrides et al., 198 1; Shipley et al., 1986) .
The negative deflection of the HDB potential (P-) represents either an inhibitory input to the granule cell dendrites in the epl or an excitatory input to granule cell dendrites in the gel. By the same reasoning used for the P+ potential (i.e., that an inhibitory input usually does not generate a significant field potential), an excitatory input is more plausible. This excitatory input could result from either (1) a second direct input from HDB terminating in gel or (2) an indirect activation of granule cells mediated by an excitatory interneuron. The latency of the positive (P+) potential is short and consistent with monosynaptic activation, but the negative deflection begins after a longer delay. Thus, the characteristics of the negative deflection are more consistent with the second alternative, i.e., HDB activation of an excitatory interneuron that synaptically activates granule cells.
The hypothesis of an intermediate excitatory interneuron also provides a plausible explanation of the sudden onset of the potentiation wave and its apparent spontaneous repetition. The increase in response amplitude might reflect either an increase in transmitter released by terminals from HDB or an increase in responsiveness of the postsynaptic elements. There are reported examples of both kinds of mechanisms, but such changes usually develop gradually, unlike the sudden onset of the HDB potentiation wave. A gradually developing facilitation could, however, cause a sudden potentiation of the HDB field potential if it resulted in the initiation of spike discharges when threshold is reached in the proposed interneuron. This would result in increased release of transmitter from interneuron terminals onto granule cells, accounting for the observed increase in response amplitude in the potentiation wave. Maintained firing of these excitatory interneurons for a period after the termination of HDB stimulation would also account for the spontaneous repetitions of the potentiation wave.
If the hypothesized excitatory interneuron does exist, then it would have to correspond with one of the less numerous classes of interneurons that have been described in the olfactory bulb (Schneider and Macrides, 1978) . Such a class of interneurons might serve to amplify the relatively sparse HDB input if each of the interneurons contacts numerous granule cells. Although too few cells were found to warrant firm conclusions, the units recorded just below the mcl exhibit the temporal characteristics and Shipley -Physiology of a Basal Forebrain Projection expected of the hypothesized interneuron. The fact that these neurons were rarely encountered is consistent with the idea that they represent a small population. We have recently (Nickel1 and Shipley, 1988 ) described a population of interneurons located below the mcl in the ipl and the superficial part of the gel, which express AChE but not ChAT. These neurons are appreciably larger than granule cells and appear to send processes both superficially into the epl and deeper into the gel. These large interneurons are good candidates to receive input from HDB and to produce an excitatory input onto the deep dendrites of granule cells.Thus, the negative HDB response may be mediated by a class of large, AChE-positive excitatory interneurons localized primarily in the ipl, with dendrites that extend into the deep part of the epl and into the gel.
The DC shift during HDB potentiation appears to be caused by the prolongation of the time course of the negative wave (P-) that occurs after a few seconds of HDB stimulation. The duration of this field potential is probably similar to the duration of the underlying excitatory synaptic current in the granule cells. When the duration of this current exceeds the interval between the stimulation shocks the currents will summate, leading to the DC shift. Summation of the currents would also result in progressive depolarization of the granule cells; they might eventually be depolarized to a level sufficient to produce spikes Takagi, 1978b, Nakashima et al., 1978) . The onset of spiking in the granule cells would probably result in sharply increased inhibitory transmitter release from granule cell terminals. If some of the granule cell processes synapse upon the hypothetical excitatory interneurons, then this increased inhibitory transmitter release would create inhibitory currents in the excitatory interneurons. These inhibitory currents would limit any further increase in transmitter release. The sudden termination of the downward deflection in the DC coupled record (b in Fig. 6 ) might result from the activation of this negativefeedback mechanism.
Inhibition of mitral cells by HDB stimulation
The inhibition of mitral cell spontaneous firing during HDB stimulation is also consistent with the hypothesis that the HDB response leads either directly or through an excitatory interneuron to the activation ofgranule cells. Centrifugal inputs from anterior commissure and the ipsilateral piriform cortex terminate predominantly in the gel (Davis and Macrides, 198 l) , and stimulation of these inputs causes excitatory potentials in granule cells (Nakashima et al., 1978) . Antidromic activation of mitral cells through stimulation of the LOT results in excitatory input to granule cell dendrites in the epl (Phillips et al., 1963; Mori and Takagi, 1978a, b) . All of these excitatory inputs to the granule cells cause some degree of inhibition of mitral cell firing (Nakashima et al., 1978) . This underscores the fact that the firing rate of mitral cells is closely coupled to the excitatory state of the granule cells. Thus, the inhibition of mitral cells during HDB potentiation is a strong indication that HDB terminals, directly or indirectly, excite granule cells.
Synaptic mechanisms Both cholinergic and GABAergic neurons project to the MOB from the HDB Zaborszky et al., 1986) ; however, the effects of stimulating HDB cannot be attributed unambiguously to the reported effects of either of these transmitters. The GABAergic neurons presumably make inhibitory synapses. Postsynaptic inhibition by GABA is considered to result from an increase of conductance for chloride ion (Cl-). Since the equilibrium potential for Cl-is near the resting membrane potential, activation of these synapses will not result in large extracellular currents (Rall and Shepherd, 1968) . GABAergic transmission may involve a presynaptic receptor (GABA,) that blocks channels for CaZ+ (Bowery et al., 1980 (Bowery et al., , 1987 but this mechanism will also not generate significant field potentials.
In the olfactory bulb there is strong binding of muscarinic ligands in the epl, gel, and ipl, with relatively little muscarinic binding in the gl (Hunt and Schmidt, 1978a; Blaha et al., 1984) . In hippocampal pyramidal cells, application of muscarinic agonists causes inhibition of a voltage-dependent K+ conductance, the M-current (Krnjevic et al., 197 1; Kmjevic and Ropert, 1982; Cole and Nicoll, 1984a, b) . The equilibrium potential of K+ is usually near the resting membrane potential; hence, large extracellular currents are not usually generated by these channels. In addition, the time course reported for activation of M-channels is very slow, extending over 1 O-20 set (Brown, 1983) . Thus, this kind of muscarinic channel is unlikely to account for the observed field potentials.
Muscarinic receptors also occur on presynaptic terminals of afferent inputs and of intrinsic interneurons, where they inhibit the release of other transmitters (Krnjevic, 198 1). The mechanisms of muscarinic presynaptic inhibition are not well understood; however, synapses onto terminals of axons cannot generate significant field potentials because there is insufficient intracellular cross section. Thus, these muscarinic effects also cannot account for the observed field potentials.
Receptors similar to peripheral nicotinic receptors are present in certain brain regions (Schwartz et al., 1982; Swanson et al., 1987) . Nicotinic receptors for ACh would account for the observed field potentials, but the only evidence for such receptors in the olfactory bulb is the binding of a-bungarotoxin (Hunt and Schmidt, 1978b; Blaha et al., 1984) . This cr-bungarotoxin binding is, however, strictly confined to the gl and thus does not appear to be associated with the HDB field potentials reported here since these potentials arise from synaptic activity in much deeper parts of the bulb.
Thus, at the present time, we cannot definitely account for the currents underlying the HDB potential in terms of any previously suggested cholinergic or GABAergic membrane actions.
The transmitter(s) underlying the slowly developing facilitation that results in the potentiation wave is likewise uncertain. Muscarinic facilitation of the kind found in the hippocampal pyramidal cell (Cole and Nicoll, 1984a, b) can more plausibly account for the transition from passive to active response in the postulated inframitral cholinoceptive cell. As with the present effect, the muscarinic facilitation requires several seconds to develop. However, muscarinic facilitation decays with a time constant of 10-20 set (Brown, 1983 ) unlike the present effect, which decays to half-amplitude in about 2 sec.
The slowly developing excitation could be caused by the release of a peptide cotransmitter from HDB terminals. Peptides have been colocalized with ACh in peripheral neurons; these peptides potentiate cholinergic actions during continuous stimulation but are not engaged by single shocks (Hokfelt et al., 1980; Lundberg, 198 1; Lundberg and Hokfelt, 1983; Kawatani et al., 1985) . The only putatively neuroactive peptide that has been colocalized with ChAT in HDB neurons is galanin ( Melander et al., 1985) , but there appears to be no information about the interaction between AChE and galanin on CNS neurons.
Functional implications
Clearly, several plausible mechanisms acting independently or together could account for the potentiation, and the present experiments cannot distinguish among the possibilities.
Stepping back from the issue of synaptic mechanisms, however, it is obvious from the present findings that inputs from forebrain magnocellular neurons (HDB) to a cortical target (MOB) have a potent effect when the parent neurons are activated at certain frequencies (8-10 Hz) for several seconds. The question arises whether such stimulus conditions are physiologically relevant; i.e., is this potentiation phenomenon likely to play a role in the normal functioning of the HDB + MOB projection? As there are no published reports of the discharge characteristics of HDB in behaving animals, it is not possible to answer this question directly. However, there is considerable circumstantial evidence to suggest that HDB neurons projecting to MOB may fire at such rates, specifically when the animal is engaged in exploratory sniffing. This evidence is described below. Neurons in the medial septal nucleus (MS) maintain firing rates of 8-l 0 Hz for considerable periods in unanesthetized rats. Such periods are coincident with the occurrence of theta rhythm in the hippocampus (HC), and, indeed, there is a body of evidence suggesting that MS neurons play a pacemaker role in the generation of HC theta (Andersen et al., 1979) . Komisaruk (1970) and Macrides et al. (1982) have shown that during exploratory sniffing behavior the olfactory bulb and HC are both dominated by theta rhythm. Macrides et al. (1982) also showed that the theta rhythms in the MOB and HC were often phase-locked for several seconds during bouts of exploratory sniffing. The olfactory bulb does not receive input from the medial septum, but it does receive a heavy projection from HDB, which is a subdivision of the same magnocellular forebrain complex as MS. It is reasonable to speculate, therefore, that HDB neurons, like their MS counterparts, function, in part, to pace theta rhythms in their cortical target, the MOB. Therefore, these neurons are likely to fire in the [8] [9] [10] Hz range during exploratory sniffing. The stimulation frequencies used to produce potentiation in the present experiments may thus be physiologically relevant. One important test of this hypothesis would be to record activities of single HDB neurons with antidromically confirmed projections to MOB in unanesthetized animals.
Assuming for the moment that HDB potentiation is physiologically relevant, it is important to ask what might be the functional significance of the HDB potentiation phenomenon and, also, whether potentiation of this kind might be a general property of basal forebrain inputs to cortical targets. Unfortunately, very little is known about the functional physiology of these systems, and to date, there appear to have been no experiments comparable to those reported here on the projection from nucleus basalis to the neocortex. However, since these magnocellular forebrain systems show pronounced deterioration in Alzheimer's disease (Whitehouse et al., 198 1, 1982) and since Alzheimer's patients have marked perturbations of memory and cognitive functions, it may be speculated that these systems are critical to cortical neural processing. Basal forebrain cholinergic projections to cortex are actually quite sparse in comparison with thalamocortical and corticocortical projections. HDB inputs to MOB are also quite sparse in comparison to afferents from the primary olfactory cortex. HDB cells in the mouse represent 3.5% of the neurons projecting to MOB (Cardemonstrated here for one of these basal forebrain systems might suggest that, although they are anatomically sparse, magnocellular forebrain projections may have significant physiological impact on their cortical targets.
